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Abstract

The SIR-C / X-SAR radar observations of rain storms are the first multi-polarization and
multi-frequency observations of precipitation from space. In addition to nuimerous often dra-
matic images of severe weather systerns obtained by forming a synthetic aperture in the usual
side-looking attitude, several data takes were performed while the radar antennas were paral-
lel to the ground and the radar heams were pointing al nadiv. These opportunitios coincided
with the passage of the Shuttle over Tropical Cyclone Odille in the southern Indian Ocean
during the first fight, and over Typhoon Scth in the Western Pacific during the second flight.
The resulting observations, or, more appropriately, the resulting measurements, demonstrate
for the first time the capability of a spaceborne multi-frequency multi-polarization microwave
radar system to quantify precipitation rates, to detect hydrometeor phase, and to classify
rain lype.



1 Introduction

While ground-based radars fulfill @ critical role in monitoring scvere weather systems that
pass within their vieinity, the main advantage of a space- borne radar iSthatit ])m\Vides
glohal coverage. Another advantage IS that, thanks to its “l ook-down” geor netry, a space-
borneradar canmeasure quiteaccurately the reflectivity of the hydrometceors within @ storm
as a Tunction of altitude. Such measurements car help determine the nature and the amount
of hydrometeors. Since there are many unknown physical parameters to be estimated in this
problem (including the Size distribution Of the hydroineteors, and their geometric distribution
withintheradar beam), asingle radar ¢hia nn el can scarcely be suflicient to quantify the 3-
dimensional structure of the precipitation with much ac curacy.

This paper describes the Shuttle Radar Laboratory (SR1) SIR-C [ X-SARradar ob-
servations of rainstorms, thie first multi-prolarization and multi-frequency imcasurciments of
precipitation from space. The main goals Of (he rain experiment were to verify the potential
for the estimation of rainfall using two microwave radar frequencies, to demonstrate that
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polarization docs enliance the ability to detect the frecuing layer (the radar “bright band™),
and to determmine the effect of rainfall on the oce an surface backscatter.

1 Jatawere collected fror n two geometric at titudes:  side-looking and nadir. The side-
looking obscrvations were taken and have been processed by forming @ synthetic aperture.
Thie resulting images are describedinscction 3. Onthe other hand, the nadir observations
were obtained by having the Shuttle roll SO that tlie radar antenmas were pa ra llel to the
ground. The radars were then acting as profiling scatteror neters, and the resulting mca -
surements were therelore more readily amenable to guantitative interpretation. These nadir
observation IS are described in section 2.

2 Nadir Observations

Whenoperating ina side-I[)oliillg mode, the vertical dimensions of the radar beans essen-
tially integrate over the entire depth Of thetroposphere. Sinee the change in atimospheric
parameters is generally g reatest inthe vertical, the large extent of the hoams in that di-
rection in eflect obscures iuch of this important atinospheric stratification. Thercfore, in
orderto 111 T0Ve the vertical resolution, the Siuttle wasrolled on a few occasions so that
the b ¢ ams pointed directly at the surface of the Barth.  Thechallenge Of this procedure,
however, was the timing of thie ronl so that there would likely be precipitationin the beamns
some thine during the brief period Of dat @ collect ion. By developing decision rationales and
procedures over thelast few years and, quite frankly, becan se of good luck, we 1 nanaged
to collect some interesting observations al nadiv in precipitation. Before considering these



measurements, however, it is important to mention that precipitating systems [al int o two
general categories, narnely “convectivesystems™ extending vertically over a significant frac-
tion of the depth of the troposphere and “sti atified syster ns” ol weak convection (small
vertical air motion) in which thie precipitation evolution 1S largely confined to layers largely
in thie lower troposphiere. The former are associated with more intense precipitation, and,
consequently, greater backscat tered signals over several kilometers, while the Jatter are usu-
ally characterized by weak signals with the strongest backscattier occurring near the melting
level. (onsequently, depending upon several fact ors such as the radar sensitivity and dis-
tance to the targets, it, is feasible to use SIR-C [ X-SAR measuremec nts tocomputevertical
profiles of precipitation in convective systems, but not instratiform ones.

Nadir mcasurcimenits were obtained during one data take (1) I' 34 .55) on SRI- 1, and
during three data takes (D'T's 45.5, 54.0 and 103.0) 011 SR1.-2. During these dat a takes,
measurcments were collected with VV and VII polarizations at C- and 1.-h ards, and with
VV polarization al. X-band. The short pulse length (8.44 /me) and the narrow bandwidth
(1 OMHz) were sclected for C- and 1-bands. While the short p ulse Tength minimized the
altitude aflected by clutter fromn the surfacesidelobes, thebandwidth effect dependedoin the
s(OIM 1. Onone hand, the surface clutter is inversely proportional to the pulse bandwidth.
which implics that @ large bandwidth sctting would minimize the altitude aflec ted by the
surface return. 011 the other haid, the signal-to-noise ratio (SNR) 1S inversely proportional
to the bandwi dth. This implies that forstorms with @ significant a1 nour it of expected total
attenuation fromth e top Of the stormto that altitude w hiere the S faCC clutter t akes ovrer,
I.e. for storms where the SNR would become uncomfortably low, the narrow bandwidth
would stillmaximize the SNR. X- SAR was operated with @ 40 pscc pulse length and a
9.5 Mz bandwidth. No bea m steering Was used. The (lowest) pulse repetition frequency,
1.241 <Nz, still produced ernwough pulses to reduce the fading eflects, without introducing any
range ambiguitics or pulse shadowing cffects, and while saving on data storage.

Setting the receiver gain values was less straighitforward. ()]l one hand, the mere detec-
tion ofl’sill dependsonly o011 the SNR, with theaccuracy of the quantitative estimation of
the rain reflectivity improving @S the dynamic range of the quantized return incereases. 011
the other hand, the fact that the return from the Sul’racel can be @ muchas 55 dB great or
than the return from 0.5 111111]1 ! yain (Okamoto et al., 1988), and would thercfore most
probably drive the 8-bit (SIR-C) or 6-bit (X- SAR) quantizers into non-lincarity, places an
upper-hound constraint 011 the receiver gain: & the gain IS increased, the increasing echo
from the surface would eventually strongly saturate the recciver. I was thercfore decided
to set the receiver gain so that tile returnfromthetop Of the stron gest expected convee-
tive stormwasnear the top Of the dynamic range o I the quantizers. This would not avoid
saturation by the surface return, but it would still allow one to measure low rain-rates.

D ’1" 34.55 from S1{1,-1 produced clear butsomewhat disappointingly weak reflectivity
profiles from several rain showers within the outer rain band of ‘1 'ropical Cyclone Odille in the
Indian Occan o011 April 1], 1994, around12:42GMT. The 1,- andC-bandradar parameters




were incorrectly set during D17 45.5 from SR1-2. D'I's 54.0 and 103.0 from SR1-2 produced
the most spectacular data. Both were performed over T'yphoon Seth in the Western Pacific,
DI 54.0 on October 3, 1994, around 17:44 GM'I', and DT 103.0 on October 6, 1994, around
18:14 GM'T. Botli contain localized echoes from several convective cells as well as extended
returns from stratiform rain. The remainder of this secetion will concentrate on deseribing
one stratiform and two convective cases.

Iiig. Ta shows the GMS IR image from Ocotber 6 at 17:32 GM'T, overlaid with the
Shutile track during data take 103.0 . The black cross towards the hottom left of the track
marks the location of a convective cell that produced the reflectivities shown in IYig. 2. Since
the GMS image preceded the data take by about half an hour, one expects the brightness
tamnperatures to have changed a little by the time of the Shuttle pass. Iig. 2 shows the
measured VV cflective radar reflectivy factors at the three frequencies. The tick marks on

the vertical axes are spaced 1 kin apart, the ones on the horizontal axes 3 km apart. The
No surfac
because the surface return was saturating the recciver too strongly. However,

surface is colored navy blu clutter subtraction was performed on the SIR-C!

reflectivitic

we were able to subtract the clear-air surface return from the X-SAR data, although some

residual noise was unavoidable. Note that while C- and X-bands are plottcd using the same

color scale, a different scale was used for L-hand. The discrepancy in the C- and X-band
reflectivities, on one hand, and the 1-band reflectivity, on the other, is due largely to the
difference in the along-track anteima beam widths: while the 3-dB beam width is 0.25° at (-
band and a comparable 0.15° at X-hand, it is 1.1° at 1.-band. Thus, the obviously significant
along-track variation of the intensity explains the large-scale difference hetween X /C- and
L-bands. The along-track variation of the intensity also strongly suggests that the rain
was very non-uniform across {rack too. While a gain corresponding to the nominal 5 - ¢
across track 3-dB3 beam widths was assumed to produce these iimages, it is much more likely
that the rain ccho was produced by precipitation occupying a fraction of the corresponding
space. In fact, since the along-track dimension of the “pockets” producing the strongest
rain reflectivities manifestly did not exceed 2 kin, one can reasonably assune that the same

must have been true of the across-track dimension. Since this would correspond to a 0.5
sean width one can therefore conclude that the measured reflectivities are very Jikely about
101og,4(5/0.5) 10 dB too low because of partial beam-filling,

While no significant cross-polarized return was measurable in this slice of data, the

return from the convective cell marked by the black cross on the upper portion of the track
i Fig. Ta did produce a distinet VII return at C-band. 1ig. 3 shows the C-VV, 1. VV and
C-VII reflectivites. The tick marks are as in 1%g. 2, the color scale for C-VV and 1,-VV
arc also as in IMig. 2, but the C-VII reflectivities were plotted with a different color scale
to enhance whatl appears to be the return from melting ice particles. Leakage from the
V chaimel can be ruled out since the strong VV returns from the lower altitudes do not
appear in the VI data. Such signatures were observed routinely during the Convection and
Precipitation/EFlectrification (Cal’l) project in Florida, and were found to be due to the



mc:ting of denser ice particles. Whilethe 1rctinns inl'ig. 2 are corisiderably weaker than
those 0Lsserved during Ca] *19, this is most likely duce to the severe bea m filling problem as
well as the mucd ) greater distance between the radar and the clouds.

Iig. 1b shows the GMS 1R image from October 6 at. 17:32 G M'T', overlaid with the
Shuttle track during data take 54 .() . The black (1 OSS about two-thirds Of the way up along
the track marks the location of the region of stratiform precipitation within the outer edges
of Typlhioon Seth that produced the reflectivities shown in g, 4. The four panels in that
figure show the measured VV reflectivities at the three frequencices @s well as the C-V1 |
reflectivity. ‘The ti ck marks arc as in the the previous two figures, aSare the three (10101
scales (X/C-VV, 1, and C- VII). AS before, 110 sutface-subtraction was performed except for
the X-band data (where subtracting the clear-aiv surface rtill']1 iS nccessary because of the
long illuminating pulse).

There arve several interesting features in the stratiform image, Fig. 4. In all pancls, the
app carance Of the “melting ba nd” IS striking.  While this observation 1S not new (the so-
called “bright ba1id” has heen studied ofl and on over the last 50 years), these observations
arc not only the first reports froil) a spacchorne radar, but they are the first collected
simultancously at three frequencies and at two polarizations. The rapid increase in sighal
intensity responsible for the banded app carance is duc largely to the change in the index
of refraction as icene gins to melt (Austin and Bemis, 1 950; Browne and Robinson, 1 952;
Newell and Geotis, | 955, toname a few). Themagnitude of this eflcct, however, is governed
notonly by thetransitionto aliquid having @ mwch greater index of refraction, but also
by other factors suchasthe kind of icy hydrometeor, any growth (accumulation Of mass)
of ice just before melting, and ¢l anges in fall speed as melting p roceeds. Specifically, ey
hydrometeorsrangein densities from 0.05 to 0.9 g cn™ ?. Particles having lower densities arc
usually ice crysta ls and snow(lakes, while hydrometeors having higher densities arcthemore
compact ice particles such as hailand gra upel. These diflerences are important with respect
to the signals because, for example,snow and crystals Usually fall at a ratc of around 1 11
s- ' while the denser particles can reach terminal fall speeds of several mclers per second.
C onsequently, snow and ice can have a substantial mcrcase in mass (and therefore, radar
reflectivity) just before melting by thie processes of vapor deposition and the accretion of
supercooled (subfreezing) cloud droplets. Morcover, snow and ice eyystals tend to clump as
they fall SO that they canbecomelow density aggregates having quitelarge dimensions of one
to several centimeters. On the other hand, { he relative chanige inmass Of the higher density
particles IS usually considerably sinaller hecause their substantial terminal VElOCItY assures @
rapid passage throughthethinlayers of supercooled cloud. NI addition, these hydrometeors
rarcly aggregate.

I'urthermore, the melting p rocesses Of these tWO types of hydrometeors are diflerent.
The denser particles tend to form @ film of surface liquid with melting of the ice continuing
inside this liquid shell. A horizontally orienited ring of liguid water canform around the
middle of the hydrometeor before melting IS completed. Snow, on the other hait @, 1)¢g ills by
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first wetting the outer, most exposed crystals so that the snow at first acts like a clump of
randomly oricited dipoles (c.g., sce the discussion in Jameson, 1989). As melting proceeds,

however, this three- dimensional asymmetric stracture collapses into a more two dimensional

pancake of looscly bound water drops whicl finally breaks apart once the icy structure looses
its integrity. Morcover, hecause the raindrops fall with their Jargest dimensions oriented
horizontally, they generate very little cross polarized return unless they are several mm
i diameter (Jameson and Durden, 1996), an infrequent occurrence in s type of rain.
Furthermore, whereas the terinal fall speed of the denser ice may show little to modest
increases in fall speed, the drops from the melted snow fall considerably faster than the
original flakes. As a consequence, hetween these two types of hydrometeors, diflerences
appear in the signals associated with the melting layer. In particular, le
tend to form very shallow (in depth), well-defined radar bright bands (as in 1%g 1) because

s dense particles

i a thin region as a conscequence of the slow fallspeed of the snow.

the melling occurs
Significant cross-polarized signals occur at the mclting level where the wet crystals act like
randomly oriented wet dipoles. Onee the melting is completed, however, the cross-polarized
appear with the formation of the raindrops. Signals from the melting of denser

signals di
hydrometeors (as illustrated in I5g. 3), on the other hand, tend 1o be weaker in part because
the melting occurs over nmuch greater depths (hecause of the larger fallspeed and different
), and the cross-polarized signals tend 1o be much reduced because, unlike
ignificant three dimensional asymmelry during melting

melting proce

snow, these particles usually lack

So what do the structures in IMig. 5 tell us? Beginning with the C-band vertical polar-
1zation pancl at the top, a thin melting layer is clearly evident. Above, there is a hint of
precipitation, while below shafts of rain are clearly evident. Tn the cross-polarized channel
at. G-band (C-VI), cross-polarized signals arc evident with little if any signal above or below
the melting layer. This is precisely the scenario anticipated for melling snow and ice crystals,
and we can conclude with good confidence that the 0°C isotherm lies near 5 km above the
occan surface, a common height above warn tropical occans. In addition, as one might ex-
pect hecause of the higher frequency, it appears that the X-hand is somewhat more sensitive
than the C-band to the presence of ice above 5 ki, yielding clear evidence of a band of snow
descending from much greater hcights. The sudden inercase in speckle in X-band signals
below the melting level may, in part, also be the result of depolarization by the precipitation
in the melting Jayer at this higher frequency. While the incercased sensitivity at X-hand may
not be {oo surprising, it is rather amazing 1o sce how readily the melting layer is detected at
L-hand. Since 1-band is not particularly sensitive to liquid water such as raindrops, such a
strong signature at the melting Jayer must not only be a response to the change in the index
of refraction, but must also be due to the presence of very large particles of several centimeter

diameter. Very few hydrometeors besides hail reach these dimensions. Yet it is unlikely that
these observations involve hail which can only come from highly convective storms. Instead
we must conclude that the particles are very large aggregates of moist, melting snow. In
principle more quantitative estimates of the particle sizes should be possible by considering

the ratios of these measurements at different frequencies. Towever, the heam dimensions

-7




al the different wavelengths are so disparate that such studies could be very misleading.,
Nevertheless, it 1S reasonable to concl ude that we arc not only looking atmeltingicecrystals
but also at very large mc:Ning snowflakes, and that the melting level iSat 51<111.

Althoughindependent confirmation of these observations during the experiment was not
possible, they are inagreement with similar observations in different settin gs using diflerent
radars as indicated in Fig. 5. A profile through the melting Tevel in Fig. 4 is illustrated in
IYig. Ha. The structures are quite similar to those observed using the NASA/JPL AR MAR
airborne radar that flew over @ melting layer associated with a forming tropical cyclonein
the tropical Western Pacific two years carlier. Note the similar structures in both the lincar
depolarization ratio [defined by LDR = 10log,, (4x [%c), where Zx and Z¢ are the rad ar
reflectivity factors at cross- and co-prolarization, respectively] and the reflectivity factor, 7.
I'inally, ground-based NCAR/CI’-2 vertically pointing rad ar mcasurcments in stratiform
preci pitation in I+ Jorida are shown in Iig. be. While exhibiting similar features, they arce
displaced down ward by about 1 kin. Particularly noteworthy IS the inercase in the downward
fallspeed of the scalterers @ @ consequence of melting. In fact, one can estimate the mass
weighted mean size of the drops assuming that the vertical aiv motion in this kind of situation
is negligi ble compared to the fallspeed Of the hydrometeor (whichis often the case in Stratified
systems after imelting has occurred ). Under this assumption, a fallspeed of 7 111 8™ implics
a mass weigh ted drop diameter of around2.2mm(Jameson, 1993), a very reasonable valuc.
Thus, whier such structures exist, spaccborne observations of these features can be used Lo
derive reasonable estimates Of the height Of the melting level and even reasonable estimates
of the size Of raindrops under the right conditions. T'his IS important, for example, because
when altempting to derive quantitative estimates Of rainfall from radiometric and radar
measurements, it 1S important to know something about the size Of the particles and the
dept hof the region likely Lo contain rain. Jor radiometers this IS itmportant hecause rain IS a
strong emit ter of microwav e radiat ion, while for radars, it 1S @ strong absorber of microwaves
at higher frequencies. Both processes depend on the size of the raindrops and the extent Of
the rain.

While it IS most interesting to study the echoes due to precipitation, the surface returns
proved quite imteresting in themselves. 19g. 8 shows the time series of @ typical raw C-VV
return from the surface. Receiver saturation makes it impossible to convert the echo power
t0 an accurate sul’face backscatte ring cocflicient. But one can still analyze the statistics Of
the surface at the three frequencies, in clear air and under rain. Table 1 sunmnarizes the
res ults about thie hehavior of the surface 7-factor, with a surface ccho classified as coming,
from “clear air” conditions if no C-VV echo between 2 1 HE and 6 kin above it exceeds 22 dB7.
The three data segiments that were analyzed correspond to track segments surround ing those
showninfigures 2, 3 and 4. Iach consists Of 1500 independent surface ‘/-factor samples, cach
satnple consist ing of the average power of 32 consccutive raw echioes. Laboratory experiments
(Poon et @, 1992, and T'simplis, 1992) haveshownthatsurface waves with wavelengths on the
order of 10 cin do get danped by rain, mostly due to turbulence, the damping rate incereasing,




with rain intensity, yet that rain-induced ripples increase the spectral density of the occan
surface slope in the 1-an scale as rain intensity increases. In our empirical analysis, while the
surface does appear to be between 1 and 2 dB3 brighter under clear air than under rain, cven
at L-band where the attenuation of microwaves due to rain is certainly negligible, the more
striking effect is the significantly incrcased variability in the surface refle tivity under rain,
once again even at L-band. Deercased average reflectivity at nadiv under rain is consistent
. The fact

with a rougher surface, due to falling drops and/or the presence of downdrafts
than in the

that the incree
stratiform case, and indeed that the surface reflectivity under rain can exceed that in clear air

¢ in the variability is more pronounced in the convective cases

(not on average but in a suflicient nunber of occurences o aflect the statistics of conveetive
case I al C-band) is consistent with an occan surface that can become substantially rougher
but that can also become significantly calmer due o damping of surface waves by heavy
rainfall.

3 Side-Looking Observations

As part of the experiment, side-looking data over rain were acquired on data take 13.4,
16.3, 66.6, 72.9, 140.4, 147.8, and 119.1 on SRI-1. On SR1.-2, side-looking data over rain
were acquired on data takes 13.4, 77.5, 114.0, 114.6, 119.0, 141.5, and 157.5. Because of (he
side-looking geometry, quantitative interpretation is challenging. Previous side-looking SAR
imagery of rain over the occan has heen interpreted in terms of the effects of wind and rain
on the occan surface (Atlas, 1991). These analyses, however, have dealt only with single
polarization and single frequency data. The multiple frequencies and polarizations used in
the SIR-C/XSAR data reduce the ambiguity in interpreting the data

D1 13.4 from SRI-1 is of particular interest hecause it captured an extensive rain arca
using mode “16X”, giving the full scattering matrix at 1~ and C-bands. g, 9 shows an
example of three-frequency VV polarization imagery from (his data take. At L-band, the
variability in bhackscalter is likely to be entively controlled by occan o variations. The
attenuation in rain at I-band is much less than 1 dB, even for rainrates well over 100 mm/h.
Also, rain backscatter is expected to be small relative to the return from the ocean. AL C- and
X-bands, interpretation becones more complicated, since hoth attenuation and scattering
in rain could be significant. A comparison of the three images in Fig. 9 shows that in many
arcas the brightness of the image varies similarly at all Unee frequencies. However, a fow
arcas appear dark at IL-band but bright at (- and X-bands. These are noted as A-D in
Iig. 10. Also, although the “hole” 1 is dark in all three images, the arca just to the left
hecomes bright at. C- and especially X-bands. Variation in brightness with frequency is a
common phenomenon, appearing not only in 1'ig. 9 but in many other data takes as well. The
lincar depolarization ratio at C-band helps understand this phenomenon better. Indeed, as
discussed in the previous section, LDR is often used in radar metceorology to identify regions




with jce particles. In the data at hand, the arcas which are dark at L-band but bright at
( -baud have large LDR (-12 dB), suggesting that these are convective regions, producing
heavy rain. Al 1-b and, the returnis from the occan surface and may be reduced in strength
by modification Of the occan surface by rain. As was mentioned at the end Of the previous
scction, damping Of occan waves by rain has heen observed in con trolled experiments (Poon
et al, 1992, and Tsimplis, 1992), and its eflect on SAR ocea nimagery has alrcady heen
hvpoth('sl/,(‘d (Atlas, 1 994). The large LDR may be p roduced by scattering from ice, while
the large CVV return may be a combination of scattering from ice and hcavy rainfall.

Also of interest inthescedatais the behavior of the phase differencebetweenthe Hand
VVrceturn . This difference provides information about the scattering mechansm and has
beenstudiedpreviously in polarimetric SAR observation Of' vegetation (1) urden et al, 1989).
Over most Of our imagery the 1111 VV phasc IS approximately zero but becomesnon-zeroin
sol ne rows. 1 11 119g. 9, for example, the phiase difference at C-hand is up to 30 dagrees in
thearcas whichare dark at L-band and bright at C- and X-hand (A-1) in Fig.1 (). Thisis
consistent with “double b ounce” scattering, in which the transmitted wave forward-reflects
fromthe sitrfitcc and then reflects from rain back to the radar.  Phis mechanism would
require a s nootho(:can, such as might be p roduced by rain-damping of’ occa nwaves, The
double-bounce mechanism IS analogous to a dihedi alcorner reflector, which produces al ()
degree phiase shift between NHand VV ret urn. The maximump hase diflerence Of around
30 degreesobservedlicre suggests that the double bounce mechanism is contributing to the
total return but is not domin ant. Another region of interest in 14g. 91s t he clongated dark
arca in the lower right (1Y in I'ig. 1 0), which has @ C-hand phase difference up to 50 degrees.
This area is dark at all three frequencies, indicating that the rainrate 1S light. A moderately
stootl 1 occa n would bencededto explain the sig nature. However, in this case the rain 1S
likely too light to be causing wave damping. Inst cad, it could be an arca with low winds.

In addition to datatakes over tropical occans, SR1- Lscrendipitously captured several
rain CAlS over the Arnazon rain-forest. T'hese data are particnlarly interesting because while
interpretation Of SA Rimagery Of rainrover the occary IS complicated by the possibility Of
backscatter andattenuation in rain, as well @S the variability of the occan o itsel f, nnages of

O

rain over the Arna zon cannot sufler from any significant surface 0 variability (assuming that
rain docs not strongly aflect back scatt er fromerees). Fig, 11 shows three-frequency imagery
of rain cells over the Arna zon during 1)1 103.6 from SR1-1 . At X-band the rain cells show
up as bright arcas, immediately followed by large dark arcas @ increasing range. At C-hand,
no brightening 1S visible, but some dark arcas can besceninthesane location as the dark
arcas al X-hand. At 1-band neither bright nor dark arvcas ave visible, At all three frequencies
the transmitted wave 1S both scattered and attenuated by the rain. lowever, a1 JF band ,
both effects arc small. At C-band the attenuation IS large e |oug] 1o reduce the observed o
by the two- way loss through the rain. The rain backscalier 1S small relative to the tree-top
hackscatter and IS not seen. At X-band the backscattering from rain 1S large enougl that
It can he seery @dove the Cross scction Of the tree tops. 1owever, 8S range increases, the
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signal backscattered from both surface and rain is attenuated strongly. To interpret these
observalions quantitatively, we consider scaticring from a random medium over a reflecting
surface.  Scattering consists of the components illustrated in Fig. 12: direet backscatter
from the random medium, backscatter from the surface, direct-reflected iteraction of e
surface with the random medium, and hackscatter from the random mediu n, reflected by
the surface. The total occan o is giver by

| o

« F
T4y : v
where the subscript s denotes surface, d denotes direet from rain, dr denote
and r denote

dr

direct-reflected,
reflected. Note that cach terni includes both scattering by the surface and/or

random mediuim and also attenuation due to the intervening random medium. As mentioned
shift between 11T and VV. This model has been
used extensively in modeling SAR imagery of vegelation. In the case at hand, the random

above, the dr term can provide a large pha

medium represents rain rather than vegetation, while the surface is the occan. Tor vegetlation,
this model has typically been implemented using, the Distorted Born Approximation (DBA)
and assuming that the surface is only slightly rough, so that the dir and » terms use only the
specular or coherent component fromn the surface. The DBA assumes that the scatterers in
the medium sce the attenuated field. This assmnption is also used in the radar cquation of
radar meteorology and should apply to our case. The assumption of a slightly rough surface,
however, cannot be justified for the occan at the frequencies used here, Hence, both the dr
and » terms will be much more complicated than in the vegetation case, requiring integration
over the scattering patiern of the surface. This has, in fact, been carried out previously for
the » termiin the case of radar observations of rain over the occan at nadir and turns out to
be quite complicated (Meneghini and Atlas, 1986). Their work attempted to use the 1 tern,
also called mirror image return, to profile rain. For the case of backscattering from rain over
a rainforest, the model can be simplified to include only the surface and direet backscatter
terms. A simple model of the backscatter from a rectangular rain cell over the rain-forest was
thus constructed. The model cell is 4.5 km in altitude and 4 kim wide (cross-track direction)
and has a rainrate of 40 i /hr.
model duplicates the observation quite well, supporting our interpretations. Rain cells such
as these can be found in many of the SIR-C/X-SAR data takes over the Amazon rainforest.

ig. 13 plots the observed and modeled @ versus range. The

4 Conclusions

In summary, the SIR-C / X-SAR mission’s data over rain storms have successfullv produced
Y A
the first multi-polarization and multi-frequency measurements of precipitation from space.
] .
Rainfall was clearly detectable even at L-band. We were able 1o estimate rainrates from the
- and X-band returns. Melting hydrometceors were clearly detectable in the cross-polarized
C-band cchoes from stratiforin as well as conveetive systems, much as one would expect
s ]
given past ground and air-borne measurements




The data al SO confirm previous observations that rain and wind eflects can produce
large variations in 30° -- 5 0%incidenice-angle sca surface backscatior. Atnadir, however, the
occan surface backscattie ring cocflicient was not as dramatically aflected by the rain storm,
althoughthe backscattering coeflicient did decrcase while 1tS spread was significantly larger
{than that of" theclear-airmeasurcinents, evenat l-hand.

Iinally, several arcas with significantly non-zero H11-VV phasce differentces and appar-
ently ighter rainfall were observed in the occan images.
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GMS IR images of Typhoon Seth with the Shuttle tracks overlaid: (a) October 6, 1994,
17:32 GMT the two crosses markthe location of the convective cells inllig. 2 and 3;
(b) October 3, 1994, 17:32 GM'I" - the cross marks the location of the stratus in g,
4,

Alonig track cross-scction Of the radar reflectivities from a convective cell inI'yphoon
Seth. Vertical tick marks indicate 1-kim intervals | horizontal ones 3-km intervals. The
surface 1S represented in navy blue. Note the two different color scalesforthe X /Cand
I-bands.

ong {rack cross- section he radar reflectivities from sccond conveclive cell in
Along track s { of the rad flectivities 1 a 1 convective cell
‘1'}1)110011 Seth. Vertical tick marks indicate 1-kimn intervals, horizontal ones 3-km in-
tervals. The surface 1S representedinnavy b lue. The color §'aes for the ¢-VV and
L-bands are as in Fig. 2.C-VI1is represented using thethird cozo1r scale shown at the
bottoi,

Along track cross-scction of the radar reflectivities from stratiform precipitation in 1'y-

] )

phoon Scth. Vertical tick marks indicate 1-kin intervals, horizontal ones 3-km intervals.

The surface 1S represented innavy blue. The three different color scales for X/C-VV,
I, and C-VII arc as in I'ig. 2 and 3.

Profiles of radar parameters tilPOIF;1 melting layers as @ function of height above the
surface 011 threediflerent occasions using three different radars: (a) Spacehorne SIR -
(/X -SAR mcasurciments Of the lincar depolarization ratio (LDR) at C-band and the
radar reflectivity factors (X) at I- C- and X-bands associated with Typhoon Seth; (b)
Airhborne ARMAR 1ncasurements including the profile of particle vertical velocitics
(v= Tallspeed -] vertical air speed) in a developinig tropica 1 storm over the Western
Pacific; (C) Measurements in IPlorida using the ground- based NCAR CP-2 radar.

Reflectivity profiles through the convective cell in Fig. 2.

Typical quantized raw C-VV ccho from the surface.

Three-Trequency VVimages from 1) "1 13.4 during S1{ 1,-1.

Schemati ¢ showing the location of features in the rain cell Of T0ig. 9.

Three-Trequency VVimages Of rain cells over the Amazon from 1)1 103.6 during SR1-1.

Scattering mechanisms from a random medium over a reflecting surface.

Obscrved and modcleddependence of 0 versusrange{oran Amazon rain cellin 1) ' 1
103.6 .
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Mission and Sensor Parameters

Megsion / Sensor : SRL-1 [ X-5AR
Cata Take IO : Q305
Radar Frequercy / Polarisstion : 88 G2 / W
Accompanving SIR-C Mode . 1

Sarge Puise Bandwidth : 85 Mz
PRF : 7B H
Raw Data Quantization : BI/8Q

Orst Orection : descending
Anterna Orecton : ight looking
Track Angle at Image Center @ 1480

Incidence Angle 8t Image Center : 4857

Archiving Parameters

DPAR Job Number
Product Gereration
D-PAF Sroduct Identification
X1SARG4R45184555MG0__PRS4PE3R 172745

: Orderi29539
: DVS controfed

X-5 AR/MGD

© OL m/0-PAF 1904

Image and Processing Perameters
Ste Name : Seng Vadurera / Bradl
Lat/Long gt Image Center 159027 / W 520-¥

GMT at Image Center . B~APR-1234/%8:4555,'C!
WVET at Imoge Center | POB27:42:56.91
Processng Date 1 30-JIN-1984/177:27:45
Image Generstion Da'e , RJL-1984 1224
Processor 5/W Version : 220020

Image Ses : 836 Ines x 2384 pixels
Pixel Spacng cmgRSm/®@psm
Nominal Resolution img 248 m/ a2 282 m
Equivalent Number of Looks :rg 18 x &z 35
Geometric Sepresentation : ground -

Doopler Centrod at Image Center . w03 1

Raw Data S/N Ratio : 238 4B

Radiometic Corrections : absoltelv cafbrated
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